Although some mitochondrial, X chromosome, and autosomal sequence diversity data are available for our closest relatives, Pan troglodytes and Pan paniscus, data from the nonrecombining portion of the Y chromosome (NRY) are more limited. We examined Ϸ3 kb of NRY DNA from 101 chimpanzees, seven bonobos, and 42 humans to investigate: (i) relative levels of intraspecific diversity; (ii) the degree of paternal lineage sorting among species and subspecies of the genus Pan; and (iii) the date of the chimpanzee͞ bonobo divergence. We identified 10 informative sequencetagged sites associated with 23 polymorphisms on the NRY from the genus Pan. Nucleotide diversity was significantly higher on the NRY of chimpanzees and bonobos than on the human NRY. Similar to mtDNA, but unlike X-linked and autosomal loci, lineages defined by mutations on the NRY were not shared among subspecies of P. troglodytes. Comparisons with mtDNA ND2 sequences from some of the same individuals revealed a larger female versus male effective population size for chimpanzees. The NRY-based divergence time between chimpanzees and bonobos was estimated at Ϸ1.8 million years ago. In contrast to human populations who appear to have had a low effective size and a recent origin with subsequent population growth, some taxa within the genus Pan may be characterized by large populations of relatively constant size, more ancient origins, and high levels of subdivision.
great deal has been learned about the evolutionary history of humans and great apes through comparisons of homologous DNA sequences. Humans are thought to be most closely related to chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), with whom we share Ϸ99% of our genomic sequence (1) . Much is also being learned about levels of genetic diversity within humans through comparisons of allelic variation at different loci in the human genome (2) . Studies of intraspecific diversity in our closest living relatives, however, have lagged far behind those of humans. Comparisons of levels of intraspecific variability have important implications for understanding the processes involved in speciation and clarifying the demographic history of contemporary populations of humans and great apes. Because chimpanzees and bonobos have such a poor fossil record, genetic data can play a major role in elucidating the evolutionary history of the genus Pan.
Currently, there are comparative human-chimpanzee sequence data for loci representing three of the four compartments of the genome: the autosomes, the X chromosome, and mtDNA. Comparisons of mitochondrial sequence variation in chimpanzees, bonobos, and humans are consistent in showing 2-to 4-fold higher levels of diversity in both Pan species than in humans (3) (4) (5) (6) . Studies of autosomal and X-chromosome loci have generally shown higher levels of nucleotide variation in Pan, with some exceptions. In a study of a Ϸ1-kb region of the HOXB6 gene from 105 humans, 45 chimpanzees, and 19 bonobos, Deinard and Kidd (7) found more than three times as much nucleotide diversity in both species of Pan than in humans. Adams et al. (8) found that chimpanzees have greater diversity than humans at two of the three highly polymorphic MHC class I genes (HLA-B and HLA-C). However, the third locus was less diverse in chimpanzees, which led to the suggestion that HLA-A diversity patterns were influenced by differential pathogenmediated selection in the human and chimpanzee lines. An investigation of X-chromosome sequence variation in Homo and Pan indicated that chimpanzees have twice the diversity found in humans, whereas bonobos have less diversity than humans (9) . Results of these and other studies have led to the suggestion of a smaller effective population size for humans, perhaps as the result of a severe bottleneck followed by an expansion (7) (8) (9) (10) (11) . On the other hand, based on their finding of lower levels of autosomal short tandem repeat diversity in P. troglodytes compared with humans and based on the earlier protein studies of King and Wilson (12) , Wise et al. (5) have argued that nuclear diversity in chimpanzees reflects a lower effective population size, and that reduced mtDNA diversity in humans may be explained by directional and͞or background selection.
Although studies of human nonrecombining portion of the Y chromosome (NRY) sequence variation have intensified over the last few years (13) (14) (15) (16) (17) , comparative data from the genus Pan have been very limited. Hammer (13) sequenced 2.6-kb within the YAP region on the long arm of the NRY from four chimpanzees and found no variation. Burrows and Ryder (18) sequenced the 729-bp third intron of ZFY in a chimpanzee and a bonobo and found only a single base substitution. They suggested that the lack of intraspecific variation in this intron in humans and great apes is caused by selection acting at the ZFY gene or at a linked site on the NRY. Deinhard and Kidd (19) examined a 940-bp region of the pseudoautosomal boundary region and found three haplotypes in 19 chimpanzees and two haplotypes in 11 bonobos.
Motivated by the need for more comprehensive surveys of NRY diversity in the genus Pan, we examined a total of 2,787 bp on the NRY of 101 chimpanzees, seven bonobos, and 42 humans. The purpose of this survey was 2-fold. First, we wanted to test levels of Homo-Pan diversity from the perspective of the fourth compartment of the genome (i.e., the NRY). Under a model of larger chimpanzee͞bonobo effective population sizes, we would expect to find higher levels of NRY diversity in populations of Pan compared with humans. On the other hand, if selection was limiting variation on the NRY, we might expect to find low levels of nucleotide diversity on the NRY in populations of Homo and Pan species. Second, we wanted to evaluate whether different male versus female dispersal patterns are responsible for contrasting patterns of lineage sorting in mitochondrial and nuclear DNA lineages. The latter observations stem from research begun by Morin et al. (20) on mtDNA variation in the three currently recognized subspecies of chimpanzees: P. t. troglodytes, P. t. schweinfurthii, and P. t. verus. They demonstrated that the three chimpanzee subspecies are characterized by distinct clades of mtDNA hypervariable region I (HVI) haplotypes (3, 20) . In contrast, haplotypes based on sequences from a 10-kb region on Xq13.3 (9) , and the autosomal genes APOB and HOXB6 (19, 21) , do not show distinct clades defining chimpanzee subspecies, and lineages are often shared between subspecies. By surveying variation on the NRY in these subspecies, we wanted to test whether the phylogenetic structure indicated by mtDNA data reflects a model in which there has been ongoing male gene flow or a model where subspecies have formed recently without subsequent gene flow.
Materials and Methods
DNA Samples. The three subspecies of chimpanzees (i.e., P. t. verus, P. t. troglodytes, and P. t. schweinfurthii) are found in western, central, and eastern Africa, respectively. Although physical differences have been reported among the subspecies, the phenotypic variation among individuals precludes using appearance for accurate subspecies identification (22) . Most chimpanzees in this sample were exported from Africa during the 15 years before the Convention on International Trade in Endangered Species of Wild Fauna and Flora enacted in 1975 and are of unknown subspecies status. It is also typically unknown where in Africa a particular chimpanzee was captured. Pan DNA samples were obtained from blood taken during routine veterinary exams, from cheek swabs acquired by sanctuary or zoo personnel, or from purified DNA from other laboratories. Pedigree information for each individual enabled us to exclude paternally related males. The majority of the P. troglodytes samples (64 of 101) were from wild-born individuals, with 17 of known subspecies. Therefore, mtDNA HVI sequencing was performed (see below) to determine the maternal origin of each wild-born sample. Human samples were selected from the Y Chromosome Consortium cell line panel to maximize diversity. The samples included 10 Africans, 11 Asians, nine Europeans, four Oceanians, and eight Native Americans. We also examined variation in one Gorilla gorilla gorilla male.
PCR and Mutation Detection. Sequence tagged site (STSs) on the NRY (i.e., sY15, sY19, sY65, sY67, sY74, sY84, sY85, sY123, and sY126) were amplified by using primers from Vollrath et al. (23) . SMCY gene primers (U1241 5Ј-TGGGGATGAAGATA-ATAAG-3Ј and L1430 5Ј-AGCCATTTCACCAAAACTC-3Ј) were designed based on the published sequence (24) . Of the 16 STSs originally chosen, six were dropped from subsequent analyses because either they would not amplify in Pan (sY130), they amplified in both males and females (sY17, sY68, and sY95), or they were found to be duplicated (sY102 and sY108). Mutation detection analysis was performed by using denaturing HPLC (DHPLC) (15) . PCR and DHPLC conditions for the 10 informative STSs are in Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org. DNA sequencing was performed by standard procedures to identify mutations that caused shifted DHPLC chromatograms. For the NRY analyses, seven individuals (one H. sapiens, one P. paniscus, one P. t. verus, two P. t. schweinfurthii, and two P. t. troglodytes) were routinely sequenced for each marker in addition to the individuals recognized as polymorphic by DHPLC analysis. No discrepancies between DHPLC and sequencing results were found. mtDNA HVI sequence data were obtained (data not shown) from the wild-born males, nine captive-born males, and the wild-born purported fathers of two captive-born males. These data were compared with published sequences (3, 25, 26) Data Analysis. For each individual, the combination of point mutations observed across the 10 STSs is referred to as a NRY haplogroup. Two measures of nucleotide diversity were calculated for each locus: (i) is based on the average number of nucleotide differences per site between two sequences randomly drawn from a sample; and (ii) (28) is based on the sample size-corrected proportion of segregating sites (29) . The Jukes and Cantor correction was applied to all sequence comparisons involving interspecific variation and divergence (30) . Under equilibrium conditions with respect to mutation and drift, both and estimate the neutral parameters: 4N e for autosomal loci, 3N e for X-chromosome loci, and 2N e for NRY and mtDNA loci, where N e is the effective population size and is the neutral mutation rate.
Mutation rates were calculated from the data as follows: mutation rate per site per year ϭ k͞2T split l, where k is the average number of substitutions, l is the length of the sequence, and T split is the time in years since the human and chimpanzee (or bonobo) divergence, which is assumed to be 6 million years ago. Longterm effective population sizes (N e ) were estimated for the NRY, mtDNA (ND2 synonymous sites), Xq13.3, and HOXB6 data using mutation rates of 1.08 ϫ 10 Ϫ9 , 3.49 ϫ 10 Ϫ8 , 7.42 ϫ 10 Ϫ10 , and 5.62 ϫ 10 Ϫ10 per site per year, respectively. For all calculations, generation times were 15 years in chimpanzees and bonobos and 20 years in humans (31). Tajima's D statistic was calculated to test for deviations from neutral frequency distribution (32) . Ratios of polymorphism to divergence were compared with expectations under a neutral model using the Hudson Kreitman Aguadé test (33) . These tests take into consideration differences in N e for the NRY͞mtDNA, X chromosome, and autosomal loci and assume a sex ratio of one. The measures of diversity and tests of neutrality were performed with the program DNASP (34) . An analysis of molecular variance (35) was used to determine the significance of the differences among samples, using the computer package ARLEQUIN 2.000 (36) .
Times to the most recent common ancestor (TMRCAs) were estimated by using the program GENETREE (37, 38) . TMRCAs and split times also were estimated by using a program written by R. C. Griffiths called SPLITTIME. Mutation rates and split times were estimated based on posterior means obtained from a Bayesian analysis of the data, which was comprised of the numbers of mutations observed in the different regions of the gene tree. A Markov Chain Monte Carlo computation was then carried out to find the mean and standard deviations of the MRCA times in the gene tree, conditional on the position of the mutations in the tree. Uniform priors for the mutation rate (2.0 ϫ 10 Ϫ6 to 5.0 ϫ 10
Ϫ6
per sequence per year) and the Homo-Pan split time (5-7 million years ago) were used. Different prior distributions (0.5 to 3.0 million years) including uniform, normal-shaped, and gamma-shaped were tried for the chimpanzee-bonobo split time. Indels were counted as mutations in the analysis and hypervariable sites were removed. In the SPLITTIME analyses, we also assumed that (i) the male effective sizes are 20,000 for chimpanzees and bonobos and 5,000 for humans; (ii) the N em of all ancestral populations are 20,000; (iii) the generation times for chimpanzees, bonobos, and humans are 15 years, 15 years, and 20 years, respectively; and (iv) the generation times for all common ancestral populations were 15 years.
Results

NRY Haplogroups in the Genus Pan.
A total of 98 mutations were discovered on the Y chromosomes of 101 chimpanzees, seven bonobos, 42 humans, and one gorilla (see Table 3 , which is published as supporting information on the PNAS web site). Within P. troglodytes, there were a total of 19 polymorphisms in 2,787 bp. Of these, three were insertion͞deletions (indels), eight were transversions, and eight were transitions. Within P. paniscus, one transition and three transversions were identified. No polymorphic sites were found in humans.
Variation at all sites gave rise to 10 haplogroups in chimpanzees and three in bonobos. Haplogroups were named according to the subspecies in which they were found. We inferred that there were two haplogroups within P. t. verus (Ptv1 and Ptv2), which differ only by a single-base indel. Of the 77 individuals reported as P. t. verus, 47 were wild-born (46 had Ptv1 and one had Ptv2). All but one of these individuals had mtDNA HVI sequences characteristic of P. t. verus (3) . The discrepant individual had NRY haplogroup Ptv1 and a HVI sequence related to that of the recently proposed subspecies, P. t. vellerosus (26) . We also genotyped five Y-linked short tandem repeats (DYS388, DYS390, DYS391, DYS392, and DYS393) in a sample of 20 or more P. t. verus and found relatively high levels of diversity, confirming that most of these individuals are, indeed, from independent male lineages (data not shown).
Two captive-born males had NRY haplogroup Ptt1 (P. t. troglodytes haplogroup 1). We were able to obtain serum from the wild-born father of one of these individuals and found that his HVI sequence clustered with those of P. t. troglodytes. Haplogroups Ptt2, Ptt3, Ptt4, and Ptt5 (P. t. troglodytes haplogroups 2-5) were found in three, six, two, and one wild-born individuals, respectively. Four wild-born individuals (one from Gombe and three confiscated in Tanzania) had the Pts1 haplogroup (P. t. schweinfurthii haplogroup 1).
The final two Pan troglodytes haplogroups, Pt?1 and Pt?2, were from captive-born individuals for whom pedigree information was either inaccurate or does not provide subspecies information. Unfortunately, the wild-born fathers (or grandfathers) of these individuals are no longer living so subspecies status could not be inferred directly. Two individuals currently residing in an European zoo had the divergent NRY haplogroup Pt?1. Given the large number of P. t. verus Y chromosomes sampled here, and the larger importation of P. t. troglodytes to Europe compared with the United States, we inferred that this haplogroup is characteristic of P. t. troglodytes (although further testing is necessary to confirm this idea). As a result, subsequent analyses were performed both with and without this haplogroup as P. t. troglodytes. NRY haplogroup Pt?2 was closely related to Pts1. We inferred that this individual is P. t. schweinfurthii and included this individual as such in most analyses.
Phylogenetic Tree of NRY Haplogroups. In the gorilla, seven of the 10 loci were successfully amplified (i.e., all except sY65, sY67, and sY84). A maximum parsimony tree was reconstructed with 87 steps (not including indels) or 99 steps (including indels), both with a consistency index of 1.0. There was only a single homoplasy: a C Ͼ G transversion and a C Ͼ T transition occurred at the same site on the lineages leading to haplogroup Pt?1 and to the common ancestor of haplogroups Pp2 and Pp3, respectively. The topology of the tree shows humans and chimpanzees to be more closely related to each other than to the gorilla (Fig.  1) . A clear separation between chimpanzees and bonobos is also indicated.
Within P. troglodytes, there were four subclades defined by six synapomorphic sites: one specific to P. t. verus, one specific to P. t. schweinfurthii, and two within P. t. troglodytes (Ptt1͞2; Ptt4͞5) (Fig. 1) . Haplogroup Ptt3 was the most basal haplogroup within P. troglodytes (i.e., a zero-length branch attached to the base of the P. t. troglodytes clade), whereas the lineage leading to the Pt?1 haplogroup had the longest branch on the Pan portion of the tree (i.e., with six base substitutions, a single-base deletion, and a two-base insertion).
Nucleotide Diversity. Two measures of nucleotide diversity were used to compare levels of NRY variation in chimpanzees, bonobos, and humans (Table 1) . With respect to both measures, chimpanzees and bonobos are considerably more diverse than humans. Despite very different sample sizes, estimates of nucleotide diversity in chimpanzees and bonobos were similar. Within chimpanzees, P. t. troglodytes exhibited the most variation, followed by P. t. schweinfurthii, and P. t. verus. This rank order was the same when the two individuals with divergent haplogroup Pt?1 were not included in the analysis. The estimate of the male long-term effective population size (N em ) for chimpanzees was 21,000, whereas the bonobo estimate was 24,000. In comparison, the female long-term effective population sizes (N ef ), estimated by using synonymous sites from the mtDNA ND2 gene, were higher (Ϸ41,000 and 28,000 for chimpanzees and bonobos, respectively). These estimates should be considered with caution as they assume that chimpanzees form a randomly mating population (see below).
Coalescence and Divergence Time Analyses. The TMRCA for the NRY was estimated for each species by using two different approaches. Using the GENETREE program with the assumptions of constant population sizes and panmixia, we estimated TMRCAs (ϮSD) of 660,000 (Ϯ190,000) years and 800,000 (Ϯ320,000) years for chimpanzees and bonobos, respectively (Table 1) . Neither the mutation rate nor the humanchimpanzee͞bonobo split times were sensitive to the different priors used in the Bayesian analyses (whereas the chimpanzeebonobo split time depended to a greater degree on different priors). Posterior means and SDs for the mutation rate, HomoPan, and chimpanzee-bonobo split times were 3.0 ϫ 10 Ϫ6 (Ϯ0.7 ϫ 10
Ϫ6
) per sequence per year, 5.9 (Ϯ0.6) million years, and 1.7 (Ϯ0.7) million years, respectively. Using parameters similar to these (i.e., 3.3 ϫ 10 Ϫ6 ͞sequence per year, 5.8 million years, and 1.5 million years, respectively) in a Markov Chain Monte Carlo computation produced the best fit of the observed numbers of mutations on different regions of the gene tree ( Fig.   Fig. 1 . NRY maximum parsimony haplogroup tree. Haplogroup code names are defined in Results. Color coding refers to taxonomic status within Pan. Numbers associated with branches correspond to the number of point mutational events followed by the number of indels in parentheses. Indels were also treated as mutational events in a branch and bound search analysis (55) . Dotted lines denote uncertainty associated with Pt?1 and Pt?2.
2). The TMRCAs (ϮSD) of chimpanzees, bonobos, and humans were estimated to be 720,000 (Ϯ350,000) years, 500,000 (Ϯ270,000) years, and 190,000 (Ϯ100,000) years, respectively (Fig. 2) . The divergence time for chimpanzees and bonobos was estimated at 1.8 (Ϯ0.3) million years and that for the Homo-Pan split was 6.0 (Ϯ0.2) million years. When the Pt?1 haplogroup was omitted from the analysis, the chimpanzee TMRCA decreased to 610,000 (Ϯ300,000) years.
Tests of Neutrality. Tajima's D statistic (32) was slightly negative in most cases pertaining to P. troglodytes (e.g., all chimpanzees considered together or by subspecies), whereas it was slightly positive in the case of P. paniscus. However, in no case was the test statistically significant (Table 1) . When the two divergent Pt?1 individuals were removed from the analysis, Tajima's D changed to slightly positive for P. t. troglodytes and slightly negative for chimpanzees as a whole, reflecting the rare and divergent nature of this haplogroup. This finding highlights the fact that there is subdivision within P. t. troglodytes, and that the assumptions of these tests were likely violated. The only statistically significant Tajima's D statistic in our analyses was at the human ND2 locus.
Hudson Kreitman Aguadé tests were performed by comparing our NRY data from all three species with mtDNA ND2 data presented here and from published data (5, 27) , and with data from the literature for the Xq13.3. locus (9, 39) and the HOXB6 locus (19) (data not shown). Of the 18 comparisons involving the NRY, only the Homo-Pan comparison with ND2 was statistically significant. Nevertheless, the four other comparisons involving the human NRY (i.e., with respect to the X and autosomal loci) approached statistical significance (i.e., 0.05 Ͻ P Ͻ 0.10). Excess variation at human ND2 may have been partly responsible for the patterns of statistical significance in the HKA test with the other loci. Finally, three comparisons were statistically significant and showed reduced variation at the bonobo Xq13.3 locus in comparison with the NRY, ND2, and HOXB6 systems.
Nucleotide Divergence between Subspecies and Species. Pairwise NRY sequence comparisons (data not shown) indicated lower levels of divergence between each pair of subspecies (mean ϭ 0.16%) than between the two species of Pan (0.25%). A similar pattern held for ND2 (among subspecies mean ϭ 4.9% versus 12.6% between species). According to the NRY evidence, the greatest subspecies divergence was between P. t. schweinfurthii and P. t verus (0.18%), followed by P. t. troglodytes and P. t. verus (0.16%). For all other loci, the level of sequence divergence was higher between P. t. troglodytes and P. t. verus, and according to the nuclear loci (Xq13.3 and HOXB6), this level of divergence was greater or equal to the level of sequence divergence between the two species of Pan (data not shown).
Analysis of Molecular Variance. ⌽ ST measures the extent of genetic differentiation among subpopulations. For the NRY data, the overall ⌽ ST for chimpanzees was 0.88. These results are similar to the mtDNA ND2 data in chimpanzees (⌽ ST ϭ 0.72). In contrast, previous analyses in humans show worldwide F st and ⌽ ST values for autosomal and NRY genetic sources of Ϸ0.10 and 0.36, respectively (40, 41) .
Discussion
Chimpanzees and bonobos have greater NRY diversity than humans. For example, in this study the seven bonobos tested have three haplogroups compared with a single haplogroup found in the 42 humans. Although we found no polymorphism in humans, in a separate study of eight of the same STSs in 21 humans, Underhill et al. (15) found five polymorphic sites. By comparison, we discovered 14 polymorphic sites (including two indels) in 101 chimpanzees, and four polymorphic sites in seven bonobos in these same eight STSs. If we take the average level of human nucleotide heterozygosity reported for four genes totaling more than 63 kb of noncoding DNA on the NRY ( ϭ 0.011%) (16), there is 6-7 times more variation on the NRY of chimpanzees and bonobos than on the human NRY. As has been observed with other genetic systems, NRY nucleotide diversity within any single chimpanzee subspecies appears to be the same as (or greater) than the diversity within the entire human species (5, 9, 19) . The contrast between chimpanzees and humans is also apparent in their respective effective population sizes. In chimpanzees, N em is Ϸ21,000 whereas the N ef calculated from mtDNA ND2 data are 41,000. Kaessmann et al. (9) estimated the chimpanzee N e to be 35,000 based on X chromosome data (assuming a 20-year generation time and a separation time of the chimpanzee and human lineages of 5 million years). Our reestimate of Kaessmann et al.' s N e value was based on a 15-year generation time and a 6 million-year separation time. This new N e was 39,000 (Table 1) . In humans, estimates of male effective population size range from 4,900 to 7,500 (13, 42) with similar estimates in females of 3,500 to 7,500 (11, 43, 44) . We estimated a human female long-term effective population size of 4,400 by using synonymous sites from the mtDNA ND2 gene. In general, if males have a higher variance in reproductive success and͞or higher premating mortality rates, we would expect N e for males to be smaller than that for females. According to these data, that is, indeed, the case for chimpanzees.
Our results, as well as analyses of single gene regions on mtDNA (3), the X chromosome (9) , and the autosomes (8, 19) all support greater diversity in Pan. These findings stand in direct contrast to the multilocus data of Wise et al. (45) , who claimed that human autosomal short tandem repeat heterozygosity was significantly greater than that of chimpanzees. This finding led to a discrepancy in mtDNA͞nuclear genome diversity ratios: humans appeared to have lower levels of mtDNA diversity whereas chimpanzees appeared to have lower levels of nuclear diversity. Possible explanations for this discrepancy include: selection on mtDNA combined with a lower N e for chimpanzees, ascertainment bias (but see ref. 46 ), a higher average genomewide microsatellite mutation rate in humans, and͞or sampling artifacts. More surveys of diversity at additional loci in chimpanzees are necessary to resolve this debate. This need for more surveys is particularly true because the effects of selection can alter levels of diversity in a locus-and species-specific manner. For example, the statistically significant lower levels of nucleotide variability at Xq13.3 in P. paniscus may result from a recent selective sweep near this region in this species.
Tajima's test (32) did not show significant departures from neutrality at the NRY, Xq13.3, and HOXB6 loci, although Tajima's D values tended to be somewhat negative for these loci in chimpanzees (Table 1) . These results must be considered in light of the fact that there is significant subdivision among chimpanzee subspecies, especially for the haploid compartments of the genome, and that poor sampling of subdivided populations can lead to negative Tajima's D values. Goldberg and Ruvolo (47) proposed that their negative Tajima's D value for HVI in P. t. schweinfurthii represented a signature of a Pleistocene expansion. Our negative Tajima's D value for the P. t. schweinfurthii NRY data (Table 1 ) may lend support to this hypothesis. We also found a statistically significant negative Tajima's D value for HVI (data not shown) in our sample of P. t. schweinfurthii. Such an expansion signature was not detected in mtDNA HVI sequences in the other subspecies of chimpanzee or bonobos. Interestingly, we did not observe a statistically significant negative Tajima's D value at the ND2 locus in P. t. schweinfurthii.
The autosomal sequence data do not show distinct clades defining chimpanzee subspecies. On the other hand, neither mtDNA nor NRY haplogroups are shared among subspecies. The lack of sharing of NRY lineages across subspecies is not consistent with a model of continued male gene flow and female philopatry, as seen in some species of primates (48) . Rather, these results suggest that sharing of biparentally inherited gene lineages among subspecies is the result of the short evolutionary time since the subspecies have diverged from each other (49) . Chimpanzee subspecies should be considered as populations in the process of differentiation, a process that could ultimately lead to speciation (as was the case when bonobos diverged from the P. troglodytes lineage). The estimated divergence time of chimpanzees and bonobos from the NRY data of Ϸ1.8 million years is intermediate between estimates based on X chromosome data (930,000 years) (9) and those from ␤ globin and some mtDNA data, which suggest a divergence time closer to 2.5 million years ago (50) (51) (52) . Our estimate from the NRY data is similar to the estimate based on mtDNA restriction mapping (1.3 million years), and this date may correspond with the formation of the Congo River that currently separates the two species (53) .
In contrast to studies of humans in which the most recent common ancestor for the NRY is only about 50,000 to 134,000 years old (42, 54) , the NRY TMRCAs for chimpanzees and Fig. 2 . SPLITTIME tree for humans, bonobos, and chimpanzees. The (observed, expected) numbers of mutations are shown on each branch. The total number of expected mutations is random and is not conditional on the total number of observed mutations. Observed mutations on the branches leading to Homo and Pan include a ϩ symbol referring to eight mutations, which could not be assigned to one particular branch. Numbers within boxes correspond to the (observed, expected) numbers of mutations within each taxonomic group. The dotted line indicates the chimpanzee-bonobo divergence time (1.8 million years) estimated with the Pt?1 haplogroup. When the Pt?1 haplogroup was excluded from the analysis, the divergence time remained the same; however, the chimpanzee TMRCA was 610,000 Ϯ 300,000 years and the observed and expected numbers of mutations were 11 and 10.4, respectively.
bonobos are both more than 500,000 years. This is followed by 20 cycles of PCR that consist of 30 sec at 95°C, 30 sec at the annealing temperature given after the slash, and 30 sec at 72°C, and finally, 5 min at 72°C.
